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. Si@metal wire array dimensions.
The dimensions of all the Si@metal wire array synthesized and shown in both the main text and the supporting info are reported here. The smallest dimensions achieved to date in terms of Si diameter (~ 160 nm, Fig. S13 ), ring height (~ 40 nm, Figure S9 ), gap length (~ 5 nm, Figure S9 ), and ring thickness (~ 30 nm, Figure S11 ) are shown in bold and red. * The Si wire diameter, height and thickness of the ring, and gap length were measured on one Si@Au structure (TEM image).
Materials and chemicals
All chemicals and solutions were used without further processing, unless noted otherwise.
Commercially available plating solutions (Cyless for Ag, Orotemp 24 Rack for Au) were purchased from Technic Inc., USA. PS spheres with 1500 nm diameter (2.5 w%) were purchased from Polysciences Inc., USA. Boric acid (99 +%), iron(II)sulfate heptahydrate (99.0 %, ACS grade), nickel(II)sulfate hexahydrate (98.0 %, ACS grade), nickel(II)chloride hexahydrate (98.0 %) were purchased from Alfa Aesar, USA. Benzene-1,4-dithiol, L-ascorbic acid (99.0 %, BioXtra), phosphoric acid (99 %), Triton X-100 (laboratory grade), iodine (99.8 %), and potassium iodide (99.8 %) were purchased from Sigma Aldrich, USA. Styrene (99.0 %), acrylic acid (99.0 %) and ammonium persulfate (98.0 %) were purchased from Sigma Aldrich, USA. Styrene (Sigma Aldrich, 99 %) was purified by adding a 10 wt-% NaOH solution in a volume ratio 1:1. After vigorous shaking, the aqueous was discarded and the 
Synthetic protocols
Polystyrene colloid synthesis PS colloids with 590 nm and 1100 nm diameter were synthesized by a surfactant -free emulsion polymerization. 250 mL of MilliQ water were heated to 80 °C in a 500 mL tripleneck round-bottom flask with reflux-condenser. Nitrogen gas was bubbled for 30 min for degassing. For 590 nm colloids 20 g styrene (40 g styrene for 1100 nm colloids) was added to the water phase under constant stirring. 0.4 g of the comonomer acrylic acid was dissolved in 5 mL MilliQ water and added to the mixture. After 5 min 0.1 g ammonium persulfate, dissolved in 5 mL MilliQ water, was added. The reaction was carried out for 24 h at 80 °C.
After cooling to room temperature the dispersion was filtered and purified by centrifugation and redispersion and dialysis.
Colloidal lithography
The PS colloids (d = 590 nm, d = 1100 nm) were assembled at the air/water interface using ethanol as spreading agent. 1 Prior to the interfacial self-assembly process, the PS colloids were cleaned and purified by three centrifugation-redispersion steps using 1:1 ethanol/water mixtures. For the spreading onto air/water interface, the 590 nm PS colloids (750 µL of PS colloid dispersion) were mixed with 250 µL ethanol. For the 1100 nm PS colloids, a mixture of 500 µL of PS colloid dispersion and 500 µL ethanol was used. The dispersion was filled into a syringe added to the water surface using a syringe pump (Landgraf HLL LA120) at a speed of 30 µL min -1 . N-type c-Si substrates were cut into 4 x 4 cm² and cleaned via sonication in acetone, ethanol and MilliQ water for 4 min each, followed by an oxygen plasma treatment. The silicon substrates were immersed in the water phase, elevated under a S3 shallow angle after monolayer deposition to transfer the monolayer, and left to dry in air. The procedure delivered large -area colloidal crystals with grains in the mm² range.
Colloids with a diameter of 1.5 µm were obtained from Polysciences. A cleaned, plasma treated c-Si substrate was coated by spin coating (3500 rpm for 3 min) of the 1.5 µm PS dispersion (10 wt%) mixed with 3 parts of methanol : Triton X100 (400:1).
After monolayer deposition, the polystyrene particles were reduced in size to produce a nonclose packed architecture using oxygen plasma (FEMTO, Diener Electronic, 50 W, oxygen flow 4 mL min -1 ). The etching time was adjusted to the desired size of the particles.
1
A thin adhesion layer of Al doped ZnO was sputtered directly on the PS sphere array on Si, using a Clustex 100M sputtering system from Leybold Optics: base pressure before deposition around 1.10 -6 mbar, Ar pressure during deposition 3.10 -3 mbar, 1 s deposition, power in the 75-175 W range depending on the PS colloid size (i.e. lower power for smaller diameters). 2 The samples were then immediately sputtered with a gold film using a
Cressington Sputter Coater 108 auto (deposition at 40 mA during 300 s). 2 Finally the PS colloids were removed using adhesive tape. 4 OH were mixed together in a 100 mL beaker. 4 After one hour, the samples were taken out, rinsed twice in MilliQ water, once in ethanol and dried in air. The procedure was repeated several times until the desired shell thickness was reached, with each step increasing the shell thickness by increments of ca. 10 nm ( Figure S3 ). The Si@SiO 2 wire arrays were then embedded within a polycarbonate film via spin-coating (Laurell WS-650SZ-6NPP/Lite spin coater). The choice of polycarbonate as the membrane material was motivated by its stability in HF (used to dissolve the sacrificial SiO 2 shell), its good wetting by aqueous solutions as demonstrated by its previous use as an ion track etched membrane material for templated electrodeposition, 5 and the fact that it can be easily dissolved in organic solvents.
The membrane synthesis was optimized to obtain a conformal polycarbonate film with a constant height over the whole sample area, i.e. ~ 38 mm 2 . Typically 50 mg of polycarbonate were dissolved in 500 µL of dichloromethane (CH 2 Cl 2 ) using sonication for 1 h. The 4 cm x 4 cm samples were cut into smaller pieces of ca. Electrochemical deposition of metals was performed using a Keithley Sourcemeter 2400 operated with a three electrode configuration and a home-made electrochemical Teflon cell. A Pt mesh was used as counter electrode, Ag/AgCl as reference electrode, while the Au film at the bottom of the silicon wire arrays was used as the working electrode. Before electrodeposition an electrical contact was prepared on the samples by applying silver paste on the side of the sample as well as below the sample. The silver paste was applied on the region, which had been protected with adhesive tape during the spin coating of the polycarbonate and is in direct contact with the gold film. The sample was then laid on top of an aluminum foil, sandwiched within the electrochemical cell, 6 and electrically connected to the working electrode of the potentiostat. Metals were deposited at constant potentials using aqueous plating solutions. The amount of metal grown was controlled with the duration. The electrochemical cell and electrodes were thoroughly washed in MilliQ water after each deposition step.
Au was deposited at -950 mV using Orotemp 24 Rack solution.
Ag was deposited at -940 mV using Cyless solution.
Ni was deposited at -900 mV using a homemade aqueous Ni solution (0. NB: We found that homogenous crystalline arrays of Si wires (i.e., with constant height and pitch) are necessary for the proper synthesis of the membrane and the metal shell depositions.
Such well-defined arrays are made possible by self-assembling the PS colloids at the air-water interface, leading to large crystalline defect-free hexagonal arrays with crystals in the mm² range ( Figure S1 ).
Selective Etching
After the metal deposition, the area covered with the silver paste was cut away using a glass cutter. Afterwards the polycarbonate was dissolved in CH 2 Cl 2 for 1 h and the sacrificial shells were etched in the appropriate solutions. A specific combination of sacrificial layer and etching solutions was used for each target shell material ( Si@Ni nanowire arrays without a metal base layer ( Figure S16 ). The metal shell thickness is adjusted by the number of SiO 2 steps. a-b) Thin gold ring (thickness: 34 ± 10 nm) prepared using three SiO 2 deposition steps (3 hour deposition). a) Schematic of the synthetic pathway based on three SiO 2 deposition step. b) SE cross-sectional SEM image. c-f) Thick gold ring (thickness: 154 ± 33 nm) prepared using 15 deposition SiO 2 steps. c) Schematic of the synthetic pathway to make thick metal shell using thick SiO 2 sacrificial shells. d) SE cross-sectional SEM image. e-f) Top-view BSE images showing homogeneous ring thickness (obtained using the ESB in-lens detector). a-d) The plane wave source propagates along the y-axis (from top to bottom) and the electric field is polarized along the x-axis. The top of the wire is located at y = 1500 nm, the rings at y = 0 nm and the bottom of the wire at y = -1500 nm. a-c) E-field intensity enhancement maps of the Si@Au nanowires. Identical rainbow log scale for the three maps. a) Single Si nanowire. b) Si@Au ring nanowire. c) Si@Au ring dimer nanowire. d) Linescan of the Efield intensity along the center of the Si@Au nanowires (x=0, z=0) in the longitudinal direction from top to bottom, as indicated by the black arrows in a-c). Linear scale. Black curve: Si wire (no Au ring), blue curve: Si@Au ring wire and red curve: Si@Au ring dimer. The Au ring increases the amount of light reaching the top half of the Si wire (above the rings), while suppressing it in the bottom half (below the ring) in comparison to the nanowire with no gold rings. The effect is even more pronounced in the case of the Au ring dimers.
